Fibritin, a 52 kDa product of bacteriophage T4 gene wac, forms 530 A long fibers, named whiskers, that attach to the phage neck and perform a helper function during phage assembly. Fibritin is a homotrimer, with its predominant central domain consisting of 12 consecutive c~-helical coiled-coil segments linked together by loops. The central domain is flanked by small globular domains at both ends. Fibritin M is a genetically engineered fragment of the wild type and contains 74 amino-acid residues corresponding to the last coiled-coil segment and the complete carboxy-terminal domain. The crystals of fibritin M belong to the rare space group P3 with three crystallographically independent trimers in the unit cell. The structure has been established at 1.85 ,~ resolution by combining molecular and isomorphous replacement techniques. One of the two heavyatom derivatives used was gaseous xenon. A substantial fraction of residues in each independent trimer is disordered to various extents in proportion to the lack of restraints on the molecules provided by the lattice contacts. Accurate modeling of the solvent present in the crystals was crucial for achieving good agreement with experimental data.
Introduction
More than 40 different structural proteins constitute one particle of bacteriophage T4. Fibritin, a product of gene wac, forms 530 A long fibers, named whiskers. The whiskers attach to the phage neck and function during the later stages of the phage assembly. Interaction of the whiskers with the long tail fibers increases the rate of assembly and subsequent attachment of the long tail fibers onto the tail baseplate (Eiserling & Black, 1994) .
Recombinant fibritin, overexpressed in E. coli, assembles into filamentous particles that have the same biochemical and immunogenic properties as whiskers that were purified from the phage. Recombinant fibritin complements in vivo 'whiskerless' T4 phage that lacks the gene wac (Efimov et al., 1994) . The fibritin molecule is formed by three identical 52 kDa polypeptide chains that run parallel along its length. Its predominant central part is a trimeric c~-helical coiled-coil domain that is flanked by small globular domains at both ends. As in other coiled-coil structures, the amino-acid sequence of fibritin (486 residues) has a distinct heptad repeat (abcdefg)n which contains predominantly hydrophobic residues at the a and d positions, while the other positions are occupied mostly by polar residues. Since seven residues make approximately two a-helical turns, the hydrophobic residues of consecutive heptads are located on one side of the helix, and this provides for the formation of the coiled-coil core (Lupas, 1996) . An unusual feature of fibritin is that the coiled coil is interrupted by insertion of loops, consisting of five to 20 residues, which create 12 separate segments (Efimov et al., 1994) .
The full-length fibritin could not be crystallized, probably because of its inherent flexibility. However, a series of successively smaller fibritin fragments ( Fig. 1 ) was engineered and could be expressed in a soluble form in an E. coli system (Sobolev et al., 1995) . The linear repetitive structure of the segmented coiled coil suggests that such fragments can be studied with the possibility of subsequent interpolation onto the full-length fibritin. Crystals were obtained of fibritins E and M (Strelkov et al., 1996) , and also of fibritin B (unpublished results). The crystal structure of fibritin E has been determined and provided an insight into the mechanism of folding of this protein (Tao et al., 1997) . The key structural element of fibritin responsible for the initiation of the folding process was shown to be its C-terminal globular domain. This conclusion is supported by the studies of various deletion and single-point mutants of fibritin (Efimov et The subject of the present work is fibritin M that contains residues 413-486 of the wild type. These residues form the last coiled-coil segment (5½ heptad repeats) and the complete C-terminal domain. Fibritin M, but not fibritin E, has five point mutations relative to the wild-type sequence, all occurring in the coiled-coil part of the molecule (Fig. 2) . These mutations were introduced to enhance the stability of the protein and, hence, the likelihood of a structure determination. In particular, the mutation Ser421---~Lys was introduced to test the possible formation of an interchain salt bridge with Glu426. The mutations Asn428--+Asp and Thr433--~Arg were designed to create a similar interchain salt bridge between these two residues. Residue 425, an asparagine in a d position, was replaced by an isoleucine, which is generally favorable in this position for a trimeric coiled coil (Harbury et al., 1994) . Here, we present the crystal structure of fibritin M at 1.85,4, resolution and discuss the difficulties encountered during the structure determination. The wild-type residues that were mutated are given below the complete fibritin M sequence. The heptad repeat is shown as (abcdefg),, with the hydrophobic core residues in bold. 1.5418 ,~) and an R-axis IIc image-plate detector were used for the data collection. The data were processed with the programs DENZO and SCALEPACK (Otwinowski & Minor, 1997) . Many low-resolution (>6 A) reflections on the diffraction images were 'smeared' in radial reciprocal lattice directions. This phenomenon was noticeable at room temperature, but more pronounced after freezing. Smeared reflections extended into the designated region used for measuring background and, therefore, could be distinguished by an increased variability of the background. All reflections with large random variation of optical density in the designated background pixels were rejected. Nevertheless, the remaining data within 6 A resolution was 86.5% complete and had a surprisingly good Rmerg e of 0.020 with an average redundancy of 2.5 (native data set 1, Table 1 ).
Experimental

X-ray data collection
The crystals grown with LizSO4 belong to space group P3, which was confirmed by observing significant (00l) reflections with l -¢ 3n (Table 3 ). The subsequent computations were performed with programs from the CCP4 suite (Collaborative Computational Project, Number 4, 1994) , unless otherwise noted.
Molecular replacement
The model for molecular replacement (MR) was based on the structure of fibritin E (Tao et al., 1997) . The fibritin M sequence is completely contained within the longer fibritin E sequence, but differs from it by the five point mutations described above. The model was derived by taking the residues 418-483 of the fibritin E structure (the complete coiled-coil segment 12 and the C-terminal domain) and replacing the mutated residues by alanines (Fig. 2) . Residues 413-417 were not included since they are part of a loop structure in fibritin E and could have a different conformation in fibritin M.
Cross-rotation and translation searches were performed with the program AMoRe (Navaza, 1994) . A trimeric model was placed on the c axis of a triclinic cell with the shape of a cube and edges of length 120 ,~,. The cross-rotation searches gave consistent results for various combinations of low (8-15 ,~,) and high (4-2.5 ,~) resolution limits of the diffraction data (Table 4 ). The two highest peaks corresponded to two trimers (A and B) oriented in opposite directions along the c axis of the P3 cell. Furthermore, a self-rotation function, calculated with the program GLRF (Tong & Rossmann, 1997) , showed a prominent peak in the K ---180 ° section corresponding to a direction perpendicular to the crystallographic c axis (data not shown). This peak was consistent with the rotational relationship between molecules A and B. The third highest peak of the crossrotation function corresponded to molecule C that was parallel to molecule B, but their azimuthal angles about the threefold axis differed by 14 °. A translation-function search using AMoRe established the positions of molecules A, B and C on the three different threefold axes of the P3 unit cell (Table 5 ). The superiority of the true translational solutions over false ones was minimal but consistent with searches using various resolution limits imposed on the data. These solutions were subsequently refined in AMoRe as rigid bodies. Furthermore, a model Table   Correlation Fractional coordinates consisting only of the trimeric C-terminal domain (residues 458--483) was found to give the best rotationfunction signal (results not shown), despite representing only 35% of the protein. Using this model avoided the many false solutions that resulted from alternative superpositions of the coiled coil onto itself after screw translations along its axis. Confirmation of these results was subsequently obtained from the isomorphous replacement technique.
Translation search results for data between 10 to 3 A resolution
Multiple isomorphous replacement (MIR)
Diffraction data were collected for many potential heavy-atom derivatives. The space group P3 has four possible settings resulting from various combinations of 60 ° rotations of the coordinate system about the threefold axis and 180 ° rotations about the [110] direction.
The four settings correspond to transformations (h,k,l) , (k,h,-l) , (-h,-k,l) and (-k,-h,-l) of the reciprocal space. For each derivative data set, Rdiff = )-~IFpH --FpI/ ~-~Fp was calculated in the four possible ways relative to an arbitrarily chosen setting for the native data set. One of the resulting R values was always considerably lower, while the others were greater than 0.35. The former was, therefore, the true value obtained with both data sets indexed in the same way.
Fibritin M contains no cysteine, methionine or histidine residues that are useful as specific heavy-atom substitution sites in proteins (Fig. 2) . Nevertheless, a few heavy-atom compounds yielded significant R,~iff values, and yet did not cause crystal cracking or changes in cell dimensions. However, none of the derivatives gave difference Patterson maps that could be interpreted.
After the MR solution was obtained, the binding sites of two heavy-atom compounds could be determined from difference Fourier maps calculated with the model phases. A Xe derivative data set was collected at room temperature from a crystal mounted in a capillary. Xe gas was applied with a pressure of 10 bars for 2 h prior to and also during the room temperature data collection. The data were first scaled to another native data set that had been collected at room temperature, resulting in Rdiff = 0.11 for data between 10 and 2.1 A resolution. An isomorphous difference Fourier map and a Bijvoet difference Fourier map (Rossmann, 1960) had their major peaks in the same positions and suggested that all Xe binding sites were located on the crystallographic threefold axes, predominantly in the coiled-coil domain (Table 6 ). Two binding sites, inserted between the adjacent triplets of hydrophobic side chains from the residues in the a and d positions, were the same in each of the three independent molecules A, B and C (Fig. 3) . In addition, molecules A and C had a third minor binding site. Although there were significant changes in cell dimensions upon freezing (see Table 2 ), the Xe derivative data set was also scaled to the native data set collected under cryogenic conditions, yielding Rdiff of 0.18 for data between 10 and 3 ~, resolution. The corresponding difference Fourier maps confirmed all major peaks present in the map calculated using the room temperature native data. This justified the subsequent use of this derivative data set for phasing the 'cryo' native data. Furthermore, Xe difference Fourier maps contained clear peaks corresponding to the binding sites on molecule C even if this molecule was excluded from the MR phasing calculation. This $ Occupancies, based on placing the native data onto a roughly confirmed the presence of molecule C in the structure for which the MR indication had been weak (Table 4 ). In addition, a (2Fobs--Fcalc) map based on MR phases from molecules A and B combined with isomorphous Xe phases showed density for a part of molecule C so that it could be unambiguously positioned, this was the same position as found by the MR search procedure mentioned above. Gaseous xenon had been successfully used to prepare an isomorphous derivative of another coiled-coil protein, cartilage oligomeric matrix protein (Malashkevich et aL, 1996) , where Xe atoms were found to insert into the hydrophobic core of a pentameric coiled coil in a fashion similar to that now observed in fibritin M. Thus, Xe derivatization may be especially useful for proteins containing coiled-coil motifs. Furthermore, (Soltis et al., 1997) reported a technique for freezing crystals that had been under gas pressure. This technique should further enhance the use of noble gases for preparing isomorphous derivatives.
A uranyl acetate derivative was obtained by soaking the crystals in 4 mM solution for 4 d. An isomorphous difference Fourier map and a Bijvoet difference Fourier map calculated with data between 8 and 2.5 A resolution suggested a consistent set of five heavy-atom binding sites. The sites are clustered together between molecules A and B, forming a 'network' with 3.2 to 4.0 A separation between the uranyls. Two of the binding sites can be directly attributed to interactions with the side chain of Gln451 in molecule B (Table 6 ). The other three sites can be potentially associated with Glu414 and Glu415 of molecule A. The side chains of these residues are disordered in the electron-density maps calculated from the native data, but might become ordered upon heavyatom binding. Uranyl acetate derivatization was also used in the structure determination of fibritin E, where there was one major uranyl binding site due to interactions with Asp449 and Glu475 located in two neighboring molecules. Such favorable location of these two residues does not exist in fibritin M crystals.
The Xe and uranyl positions and occupancies were refined first independently and then simultaneously using the program MLPHARE (Table 7) . The Xe derivative data were used only to 3 A resolution. Anomalous scattering data from both derivatives were also included in the phasing. (Hendrickson & Lattman, 1970) , were combined with the MR phases in the program SIGMAA using the default 0-A weighting (Read, 1986) , and further improved by solvent flattening and histogram matching with the program DM (Cowtan, 1994) .
The (2Fob s --Fcalc ) and (Fobs --F~,l~) difference maps based on the resulting phases were used for manual correction of the M R model using the program O (Jones et aL, 1991) . The electron density for most parts of all three molecules A, B and C, especially for the C-terminal domains, was reliable and only needed minor corrections and improvements, such as building the side chain of Arg433. However, the quality of the electron density gradually decreased towards the N-terminal end of the coiled-coil domain in all three molecules, especially in molecule B. At this stage, the MR phases were recalculated after residues A418-A423, B418-B437 and C418-C428 had been removed from the model. These phases were again combined with the MIR phases and used to calculate (2F,,b~ --F~:,j~) and (F,,b~ --F~,lc) maps. The last few residues in each of the omitted regions were observable in both maps and appeared correct. However, no reliable tracing of thc remaining omitted residues was possible: these were, therefore, excluded from the model at the initial stage of relinement and gradually built back during the subsequent relinement rounds, as the quality of the maps improved.
Rigid-body, least-squares positional, simulatedannealing and individual temperature-factor refinement protocols were carried out using the program X-PLOR (Brfinger, i992) , version 3.8. F~,a~ scaled well to F,,I,~ only for data outside 3.8,,~ resolution. This was largely mitigated by introducing a bulk solvent correction which involved calculation of a solvent mask and refinement of a bulk solvent electron density level and temperature factor. This correction allowed the use of data between 23 and 1.85 ,~ resolution and was updated after each significant modification of the model. A 'test" set of 740 reflections (5% of the total data set) was excluded from all stages of refinement and used for evaluating the free R factor. Refinement runs with different values of the weight of the crystallographic residual with respect to the empirical chemical energy were executed. Thereupon, the optimal value of this weight was estimated as about half of the ratio of the empirical energy gradient and the crystallographic residual gradient, while higher values resulted in overfitting judged by increase of Rr,~.. The use of non-crystallographic symmetry restraints or constraints resulted in higher Rr~. values. During the final stage of refinement, "omit" (2F,,b~-F~,,~) maps were calculated with model phases after additional simulatedannealing refinement and used to verify the tracing of small stretches of the polypeptide and side chains that caused concern.
When the relinement of the model containing only the protein appeared to have converged, the first solvent "shell' was added to the model. Water molecules were accepted at all peaks greater than 1.2o-in a (2F,,b~ --F~,ac) map that corresponded to peaks greater than 2.50 in (F,,b~ o--F~,,l~) map and were located at distances of 2.4-3.6 A to possible donors or acceptors, with reasonable angular positions for hydrogen-bond formation.
Upon the subsequent refinement of individual temperature factors and update of the bulk solvent correction, the addition of water molecules yielded a drop of 0.046 in R~. The electron-density maps also improved, which allowed tracing more of the poorly ordered N-terminal protein residues. After positional refinement, two more passes were made to select additional water molecules. The largest temperature factor among the accepted water molecules was 83.6 ,~2.
The final coordinates and experimental structure factors have been deposited with the Brookhaven Protein Data Bank.+
Hemihedral twinning
Twinning by hemihedry (Yeates, 1997 ) is a potential possibility for crystals in space group P3. Two domains of a twin may be related by one of three twinning operations: a 60' rotation about the c axis, 180 rotation about the a axis or a 180 rotation about the axis ~ Atomic coordinates and structure factors have bccn deposited with the Protein Data Bank. Brookhaven National I.aboralory (Reference: IAVY). perpendicular to a and c. In each case, the diffraction patterns from the two domains overlap completely, so that the following expression for the observed intensities is true,
Itwin(hkl ) = (1 -oe)I(hkl) + otI(h'k'l'),
where ot(O < ot _< 0.5) is the ratio, referred to as the twinning fraction, of the volume of the less abundant twin domain to that of the entire crystal specimen; I(hkl) and I(h'Ul') are the unknown intensities of two reflections from a single crystal that are related by the twinning operation.
Two other crystal forms of fibritin M (grown with PEG 400 or Na/K tartrate as precipitants, respectively) had trigonal lattices with cell parameters remarkably close to those of the form obtained with Li sulfate (Table  2) . Several data sets were collected from crystals grown with PEG 400, and in each case they could be indexed in Laue group 31m (implying space group P312) with a reasonable Rmerg e. However, in this space group the length of a trimer residing on a crystallographic threefold axis is limited to c/2 (45 A) due to the presence of the additional twofold crystallographic symmetry. This is not compatible with the fibritin M model which has a length of about 85 A. However, these crystals might be nearly perfectly twinned (or--~0.5) with true P3 symmetry with the twinning operation being a twofold rotation about an axis perpendicular to a and c. Indeed, after indexing the data set in P3, it was possible to find six, rather than three, MR solutions. The solutions could be divided into two sets, and each solution in one set was related to a solution in another by the twinning operation. A single domain of the twinned crystal had an arrangement of three trimers in the unit cell that was the atomic temperature factors, from 5 A (dark blue) to 82 A (red). In addition, the expected conformation of residues 418-431 of molecule B (that were not ordered in the crystal structure) was obtained from the coordinates of trimer A after superimposing it onto the known part of B. These residues are colored magenta. A unit cell is shown with the x, y and z axes radiating from the origin ~0 ~. (Engh & Huber, 1991) .
§ The average temperature-factor estimate from Wilson plot was 20.9 ,~2 (calculated with the program TRUNCATE).
very similar to that in the crystal grown with Li sulfate, despite very different crystallization conditions. An estimate of the twinning fraction o~ can be obtained solely from the cumulative distribution of observed intensities (Yeates, 1997) . However, if a model for a single crystal is available, ot can be more accurately determined by minimizing the function, 
E(K, Or) = ~__,[Itwin(hkl ) -
where Fcalc(hkl) and Fcalc(ffk'l') are the calculated structure amplitudes of two single crystal reflections related by the twinning operation and K is the scale factor between the observed and calculated intensities. Such minimization for the data set collected from the PEG-grown crystal yielded ot = 0.49. The crystal form obtained with Na/K tartrate also exhibited the same type of hemihedral twinning, with the true space group being P3 and the single domain packing arrangement closely resembling the Li sulfate form; however, the twinning was not perfect (o~ = 0.41) ( Table 2 ). The above expression for function E(K,ot) can be used to refine the fibritin M structure using the data from the twinned crystals.
Results and discussion
Overall structure
The structure was determined by MR with additional help from MIR. Crystals of fibritin M contain three symmetry-independent trimers, A, B and C, each located on a different crystallographic threefold axis (Fig. 4) . Phase information from two isomorphous derivatives was helpful for verification of a poor MR solution of molecule C and also during the tracing of the poorly ordered N-terminal parts of all three molecules.
The properties of the final model are presented in Table 8 . 91.4% of all non-glycine and non-proline protein residues map onto the most favored regions of the Ramachandran plot [as defined by the program PROCHECK (Laskowski et al., 1993) ], and no residues map onto disallowed or generously allowed regions. Residues 421-456 form an or-helical coiled-coil domain. The C-terminal part of each polypeptide chain contains two small /Lstrands (residues 468-472 and 475-479, respectively) forming a 'hairpin' (Fig. 2) . Three symmetry-related/3-hairpins are located roughly in the plane perpendicular to the trimer axis and form a propeller-like structure. Together with the loops that connect it to the o~-helical part, this structure constitutes the C-terminal domain which has a highly hydrophobic interior (Fig. 5) . Asp473 is in an unusual conformation with ~0 = 45 °, ~ = 50 ° and is located in a turn connecting the two/%strands.
Comparison with fibritin E and effect of the point mutations
The three fibritin M trimers A, B and C were each superimposed on the structure of fibritin E (Tao et al., 1997) , as well as on each other. The r.m.s, deviations of the main-chain atomic positions between pairs of the fibritin M molecules are 0.6 A. The r.m.s, deviations of the main-chain atomic positions of the A, B and C molecules of fibritin M and the fibritin E molecule are 0.75, 0.67 and 1.07 A, respectively, somewhat larger than, but comparable to, those between the individual fibritin M trimers. The Cot positions of the residues 429-456 in both fibritins are almost identical, i.e. the parameters (Crick, 1953) of the predominant part of the coiled coil in fibritin M are the same as in the last segment of fibritin E. The only signifcant deviation is in the N-terminal part of the coiled coil (residues 418-428): in fibritin M there is a gradual increase of distances between the three helices towards the N terminus and a slight unwinding of the supercoil (Fig. 6) . As a result, the first residue involved in the hydrophobic core of fibritin M is Ile422, while it is Leu418 in fibritin E and most probably in the wild type. The distortion of the Nterminal end of the coiled coil in fibritin M may, therefore, be the result of the point mutations and the 'headto-tail' interactions of the molecules related to the c lattice translation, as well as by the absence of the preceding coiled-coil segments.
The mutation Ser421--~Lys creates a salt bridge between residues Lys421 and Glu426 in agreement with predictions. These residues occupy the heptad positions g and e in different chains within one fibritin M trimer, respectively. Such an interchain salt bridge may have a stabilizing effect on the coiled coil (Lumb & Kim, 1995b) . Mutations of residue 428 (heptad position g) to aspartic acid and residue 433 (heptad position e) to arginine were expected to create an extra interchain salt bridge between these residues. However, Arg433 is equally capable of forming an interchain salt bridge with Glu435. Neither of the two potential salt bridges can be identified with confidence from the crystal structure, as the side chain of Ar~433 resides at roughly equal distances of about 4.5 A to both Asp428 and Glu435. Another mutation, Asn425--+Ile, disables an unusual interaction between the asparagines in a d position that is mediated in fibritin E crystals by a chloride ion located on the threefold axis. This interaction, also found in other coiled-coil proteins, is considered to be important for correct alignment of polypeptide chains upon formation of a coiled coil (Lumb & Kim, 1995a) . In fibritin, such an alignment is governed by the formation of the C-terminal domain (Tao et al., 1997) . Furthermore, Ile425 is well accommodated at its d position in the trimeric coiled coil as anticipated (Harbury et al., 1994) . Thus, this mutation is unlikely to have a serious effect on the folding of fibritin M.
Crystal packing
As of August 1997, the Brookhaven Protein Data Bank contained only two entries with space group P3, among about 5200 X-ray crystal structures of proteins. This space group, like other space groups without screw rotational elements, is infrequent among crystals of globular proteins because it would normally have a noncompact crystal packing arrangement (Padmaja et al., 1990) . For elongated trimers such as fibritin molecules, the packing in this space group can be much better, especially if the trimers are positioned on crystal- iographic threefold axes. Since the C-terminal domain of fibritin M has a larger cross section than the coiled-coil domain, the C-terminal domains of the three trimers A, B and C should have different z coordinates for compact packing, which is indeed the case (Fig. 4b) . Besides the head-to-tail interaction of the molecules residing on the same threefold axes, the most critical interaction occurs between the C-terminal domains of molecules A and B which are antiparallel. These contacts appear to be sufficient for the formation of the crystal lattice even if the C molecules were absent, consistent with our preliminary crystallographic analysis (Fig. 2 in Strelkov et al., 1996) . However, the C molecule reduces the allowed flexibility of molecules A and B within the lattice. The lattice formed by molecules A and B would potentially allow insertion of molecule C in either an 'up' or 'down' orientation with many feasible rotations and translations along the c axis. The possibility was explored that there might be alternative positions of molecule C, in addition to the major position found by MR, but no convincing evidence could be found. Furthermore, refinement of the occupancy of molecule C in the position found by MR in the presence of fully occupied molecules A and B resulted in a value of 0.95 and no change in Rfre~ and R .... k; therefore, molecule C can be considered fully occupied within experimental accuracy. With three molecules in the asymmetric unit, the Vm (Matthews coefficient) is 2.15 ~3 Da-~, which gives fairly tight packingoand may be the reason for diffraction extending to 1.85 A resolution. The three molecules A, B and C have different parts involved in their contacts with neighbors in the crystal lattice (Figs. 7 and 8 ). Coiled-coil domains of adjacent trimers do not make contacts with each other anywhere. The head-to-tail interactions of molecules on the same threefold axis are not completely clear because the five N-terminal residues are not ordered in any of the three trimers.
Partial disorder
Low and poor electron density in the (2[obs--Fcalc) maps (Fig. 9) , as well as large temperature factors (Fig.  8) , show that the coiled-coil domains of molecules A, B and C are disordered to different extents. The disorder increases gradually towards the N terminus of each molecule, particularly in molecule B, and significant numbers of residues at the N termini could not be traced (Table 8 ). In addition, even though the C-terminal domain of molecule C could be traced reliably in its entirety, the temperature factors for this region are considerably higher than those for A and B. The lack of order in the C-terminal domain of molecule C, as well as its larger deviation from the model used for MR compared to molecules A and B, probably explains why the MR solution for molecule C was only slightly above the noise level, while the solutions for A and B were unambiguous (Table 4) .
The individual patterns of disorder (or increased mobility) along the three trimers can be explained by the lattice contacts. The N-terminal part of each molecule is progressively more disordered the greater the distance from that molecule's amino terminus to the closest point of contact of its coiled coil with a neigh- (Harpaz et al., 1994) was used. § Estimate of the total number of water molecules in asymmetric unit. Nsoa, = V+on,,/vwat, where Vwm = Mwat/PwatNn is the volume of one water molecule (429.9 ,~3), Mwat is molecular weight, Pw,t = 1 g cm -3 is the density of liquid water, and NA is Avogadro constant. ~i Number of ordered water molecules in the model, per asymmetric unit. t? Trimeric collagen peptide (Bella et al., 1995) . One asymmetric unit contains 141 water molecules and seven acetic acid molecules. One acetic acid molecule was assumed here to be equivalent to three water molecules. $$ Nucleoside diphosphate kinase/cAMP complex (Strelkov et al., 1995) . § § Human a-thrombin/inhibitor complex (Tabanero et al., 1995) .
boring molecule (Fig. 9 ). In addition, there is a distinct correlation in the atomic temperature factors of adjacent trimers in the lateral direction (Fig. 4a) .
Ordered solvent and implications towards an optimal refinement protocol
Because of the elongated shape and the small molecular weight of fibritin M, its polypeptide chain, especially the coiled-coil domain, is exposed to solvent to a larger extent than in a typical globular protein. All of the 277 ordered solvent molecules in one crystallographic asymmetric unit were interpreted as water molecules, while no sulfate ions were found. There are 183 water molecules that have direct interactions (the first solvation 'shell') with polar groups on the protein, while the remaining molecules interact only with other water molecules. There are 1.46 ordered solvent positions per one protein residue in fibritin M, which is close to the value in the trimeric collagen peptide structure (Bella et al., 1995) , but significantly larger than in typical structures of globular proteins ( Table 9 ). The ratio of the number of observable water sites to the total number of water molecules presumably present in the asymmetric 1 for fibritin M. In globular proteins, this unit is about 5 ratio is typically much lower and decreases further if high-resolution data are not available (Table 9 ). In the course of refinement of the fibritin M structure, Rfree and electron-density map. Only one chain of the trimer is shown, with 'rainbow' coloring for the atomic temperature factors, from 5 A 2 (dark blue) to 78 A 2 (red). Water molecules directly associated with the chain are represented by light blue spheres. The map is contoured at two levels, 0.650-(conventional 'net', yellow) and 1.50-(semitransparent surface, orange), to show the gradual loss of the map contrast and quality towards the N terminus. (Table 10) . Moreover, after the structure determination had been completed, it was shown that many water molecules could have been positioned immediately after the molecular replacement. Indeed, despite Re~ being 0.375 before any positional refinement of the protein model, 132 (more than ~) of all molecules in the first solvent shell were present as significant peaks in (2F,,bs --F~aj~) and (F,,b.~ --F~,,l~) maps. The above experience shows that incorporation of solvent molecules at an intermediate step of refinement may significantly improve the agreement between the model and the data and allow improved refinement of the protein model, although such a procedure should be carefully monitored by Rfr~.
